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Edited by Peter BrzezinskiAbstract ATP synthase, or F-ATPase, puriﬁed from bovine
heart mitochondria in the absence of phospholipids is an assem-
bly of 16 diﬀerent subunits. In the presence of exogenous phos-
pholipids, two additional hydrophobic proteins, a 6.8 kDa
proteolipid and diabetes associated protein in insulin sensitive tis-
sue (DAPIT), were associated with the puriﬁed complex, with
DAPIT at sub-stoichiometric levels. Both proteins are conserved
in vertebrates and invertebrates, but not in fungi, and prokary-
otic F-ATPases do not contain orthologues of either of them.
Therefore, their roles are likely to be peripheral to the synthesis
of ATP.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A number of relatively abundant small hydrophobic pro-
teins, or proteolipids, of unknown function have been charac-
terised by mass spectrometric analyses of the inner membranes
of bovine mitochondria [1,2]. They include a 6.8 kDa protein
(molecular mass 6834 Da) and diabetes associated protein in
insulin sensitive tissue (DAPIT) (or Usmg5, up-regulated dur-
ing skeletal muscle growth; molecular mass 6303 Da). Their
roles are not known. The expression of DAPIT increases dur-
ing skeletal muscle growth, and was diminished in the same tis-
sue in rats treated with streptozotocin, a drug that induces
diabetes [3]. The link between insulin resistance and mitochon-
dria has been conﬁrmed in recent studies of cultured human
myotubes [4]. On the basis of tissue speciﬁc expression proﬁles,
both 6.8 kDa and DAPIT were placed in an oxidative phos-
phorylation module [5]. One possibility is that both proteins
are hitherto undetected components of one or more of the well
known and extensively characterised multi-subunit protein
complexes I, II, III and IV, and the ATP synthase (or F-ATP-
ase) that carry out the terminal energy transducing steps of
oxidative phosphorylation, leading to the generation of the
transmembrane proton-motive force and the synthesis ofAbbreviations: DAPIT, diabetes associated protein in insulin sensitive
tissue; PAGE, polyacrylamide gel electrophoresis
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as described here, we have employed antibodies against the
6.8 kDa proteolipid and DAPIT to follow their behaviour dur-
ing the puriﬁcation of respiratory protein complexes by a com-
bination of ion exchange and gel ﬁltration chromatography.
When the complexes were puriﬁed in the absence of exogenous
phospholipids, both the 6.8 kDa proteolipid or DAPIT fol-
lowed the F-ATPase in the ﬁrst puriﬁcation step, but they were
lost in a subsequent step. When phospholipids were included in
chromatography buﬀers, both proteolipids were found in the
pure F-ATPase complex. They were found also in independent
preparations of F-ATPase prepared by aﬃnity chromatogra-
phy in the presence of the same phospholipids, but not in their
absence.2. Materials and methods
2.1. Materials
Lipids were obtained from Avanti Polar Lipids (Alabaster, AL,
USA), and ion exchange and gel ﬁltration columns from GE Health-
care (Chalfont St. Giles, Bucks, UK). Chicken antibodies to the syn-
thetic peptides RSADKRSKALKASS and EADAQFHFTGIKKY
(residues 39–52 and 4–17 of the 6.8 kDa proteolipid and DAPIT,
respectively) were raised by AgriSera (Va¨nna¨s, Sweden).
2.2. Puriﬁcation of respiratory protein complexes
Bovine heart mitochondria [6] were extracted with 1% (w/v) n-dode-
cyl-b-D-maltoside [7,8] and the respiratory complexes were fraction-
ated at 4 C on a Q-Sepharose Hi Trap Q HP column (5 ml) in a
buﬀer A containing 20 mM Tris–HCl pH 8.0, 1 mM ethylenediamine
tetraacetic acid, 1 mM dithiothreitol, 0.05% n-dodecyl-b-D-maltoside
and 10% (v/v) glycerol either lacking or containing phospholipids
[0.01% cardiolipin (w/v), 0.0025% phosphatidylethanolamine and
0.0025% phosphatidylcholine]. Phospholipids were dried down from
a chloroform solution under a stream of nitrogen and resuspended
in water. The suspension was sonicated, and then the phospholipids
were added to buﬀer to the required concentrations. Proteins were
eluted with a gradient of sodium chloride (to 1 M) in the same buﬀers.
Selected fractions were passed through a column of Superose 6 GL 10/
300 in buﬀer A plus 150 mM sodium chloride at a ﬂow rate 0.3 ml/min.
F-ATPase was puriﬁed independently from bovine heart mitochondria
by aﬃnity chromatography in buﬀers containing the same phospholip-
ids at the same concentrations as described above (M.J. Runswick, J.V.
Bason and J.E. Walker, in preparation). ATP hydrolysis activities were
measured as described before [7].
2.3. Protein analytical methods
Polyacrylamide gel electrophoresis (PAGE) was performed in acryl-
amide gradient (12–22%) mini-gels (10 cm · 10 cm) in 0.1% (w/v) SDS
[9], and proteins were detected by staining with Coomassie brilliant blue
dye. Stained proteins were identiﬁed by mass spectrometric analysis of
proteolytic digests [2]. Unstained proteins were transferred to
(poly)vinylidene diﬂuoride membranes and the 6.8 kDa proteolipid
andDAPITwere detected with antisera [2]. Cysteine residues in samplesblished by Elsevier B.V. All rights reserved.
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iodoacetic acid under denaturing conditions [10] and the subunits were
separated by SDS–PAGE. The gels were dried, exposed to a phosphor-
image plate, and ﬂuorescence arising from radio-labeled proteins was
quantiﬁed with a Typhoon 9410 ﬂuorescence imager (GE Healthcare).3. Results
3.1. Co-puriﬁcation of the 6.8 kDa proteolipid and DAPIT with
F-ATPase
Detergent solubilized proteins from mitochondria were frac-
tionated into six major peaks by anion exchange chromatogra-
phy in buﬀer lacking phospholipids (Fig. 1A). Peak 1
contained unbound material, and peaks 2–6, respectively, con-
tained complex II, the F-ATPase complex, complex I, complex
IV and complex III, as conﬁrmed by SDS–PAGE. Both the
6.8 kDa proteolipid and DAPIT were detected immunologi-
cally in the F-ATPase peak (peak 3 in Fig. 1A). Small amounts
were found also in the unbound material (not shown). When
pooled fractions from peak 3 were fractionated by gel ﬁltration
chromatography in buﬀers lacking phospholipids, the F-ATP-
ase no longer contained either the 6.8 kDa proteolipid or DA-
PIT (not shown). Therefore, various concentrations of
phospholipids (phosphatidylethanolamine, phosphatidylcho-
line and cardiolipin) in various combinations, were added to
the chromatography buﬀers, and the experiments were re-
peated. In the presence of all three phospholipids, the F-ATP-
ase was found in peak 3 (Fig. 1B), whereas complexes I, III
and IV co-eluted in peak 4. Both the 6.8 kDa proteolipid
and DAPIT remained with F-ATPase containing fractions,
and they were also retained in the pure F-ATPase complex ob-
tained by gel ﬁltration chromatography in buﬀers containing
the phospholipids (Fig. 1C). In SDS–PAGE gels, the 6.8 kDa
proteolipid and DAPIT were found in the region below sub-
units F6, g and A6L (Fig. 2, lane A). Often they both run to
the same position (Fig. 2, lane C), but sometimes they are re-
solved (Fig. 2, lane A). In common with many other hydro-
phobic proteins, they stain poorly with Coomassie blue dye,
although once their position in SDS–PAGE gels was known,
staining provided a useful guide to their absence or presence
in preparations of ATP synthase.
In preparations of F-ATPase made by aﬃnity chromatogra-
phy, the 6.8 kDa proteolipid and DAPIT were associated with
the enzyme complex. Once again, the association of the
6.8 kDa proteolipid and DAPIT with the F-ATPase complex
required the inclusion of phospholipids, and especially cardio-
lipin, in the chromatography buﬀer (M.J. Runswick, J.V. Ba-
son and J.E. Walker, in preparation) (Fig. 2, lanes B and C).
3.2. Enzymic properties of aﬃnity puriﬁed F-ATPase
In comparison to the enzyme prepared by aﬃnity chroma-
tography in the absence of phospholipids, the enzyme prepared
in the same way in the presence of phospholipids has both
higher activity (17.2 U/mg compared to 15.4 U/mg) and in-
creased sensitivity to oligomycin (77% inhibition compared
with 12%). Addition of phospholipids during the assay to the
enzyme prepared in the absence of phospholipids also had
the beneﬁcial eﬀect of increasing ATP hydrolysis from 15.4
to 59 U/mg and oligomycin sensitivity from 25% to 47%. How-
ever, these eﬀects are lower than the eﬀect of retaining both the
6.8 kDa proteolipid and DAPIT in the complex (together withphospholipids). As the eﬀect of removing phospholipids from
the complex may be at least partially irreversible, at present
it is not possible to know whether the presence of the
6.8 kDa proteolipid and DAPIT contribute directly to the en-
hanced activity and sensitivity to oligomycin.
3.3. Stoichiometry of DAPIT in the F-ATPase complex
The bovine F-ATPase complex contains several well-charac-
terized subunits that are present in single copies and also con-
tain a single cysteine residue in their sequences. They include
the c- and e-subunits, and subunits OSCP, b, d and f [10–13].
DAPIT also contains a single cysteine in its sequence, and so
incorporation of radioactivity from [1-14C] iodoacetic acid into
the fully denatured proteins provides a means of assessing the
molar content of DAPIT relative to other subunits in the puri-
ﬁed F-ATPase complex. The ratios of incorporated radioactiv-
ity in the bands containing the c-subunit, subunit b, a band
containing unresolved OSCP and d subunits, subunit f, DAPIT
and the e-subunit were 0.54:1.07:1.90:1.0: 0.46:1.08. With the
exception of the c-subunit, the values for subunits b, OSCP
and d together, f and the e-subunit agree with subunit stoichi-
ometries determined previously by the same method [10,11],
and in the case of subunits c, b, d, and e established by struc-
tural analysis [14,15]. The low incorporation of radioactivity
into the c-subunit in similar experiments has been noted before
[16]. Therefore, these experiments indicate the presence of sub-
stoichiometric amounts of DAPIT in the F-ATPase prepara-
tion made in the presence of exogenous phospholipids. Other
experiments in progress will be required to conﬁrm this ﬁnding,
and to establish the content in the complex of the 6.8 kDa pro-
teolipid, which lacks cysteine residues.4. Discussion
The subunit composition of the F-ATPase complex from bo-
vine heart mitochondria has been studied extensively. The stoi-
chiometries of most of its 16 constituent subunits have been
determined [10,11], and the structures of many of them have
been established, some of them in subcomplexes, such as the
F1 domain [14] and the peripheral stalk complex [15]. The least
well understood part of the complex is its intrinsic membrane
domain where protons translocate through the membrane.
These proton translocation events drive the rotary mechanism
of the enzyme, and couple the proton-motive force mechani-
cally to the synthesis of ATP from ADP and phosphate in
the F1 catalytic domain. The structure of the complex of the
membrane associated c-ring and the central stalk that form
the rotor has been established in the yeast enzyme [17], but
the structure of the c-ring has not been established in the bo-
vine complex. The c-ring rotates against a single a (or ATP-
ase-6) subunit, and together they provide the proton
pathway. The membrane domain of the single b-subunit con-
sisting of two membrane spans [12], forms part of the stator
and is probably associated with a-subunit [18]. The arrange-
ment and functions of the remaining subunits in the membrane
domain are less clear. Each of subunits e, f, g and A6L has a
single transmembrane span, but how they are arranged in rela-
tion to each other and to subunits a, b and c is not known.
The association of these so-called ‘‘minor’’ subunits with the
F-ATPase complex has been studied in a wide range of rela-
tively mild detergents, and under some conditions subunits e
Fig. 1. Co-puriﬁcation of the 6.8 kDa proteolipid and DAPIT with the F-ATPase from bovine mitochondria. Separation of mitochondrial
respiratory protein complexes on Q-Sepharose in the absence (part A) and presence (part B) of exogenous phospholipids. ____, absorbance of the
eluant at 280 nm; - - -, the sodium chloride gradient to 1 M. In parts A and B, peak 3 contains the F-ATPase. For the identities of other peaks, see the
text. Part C, gel ﬁltration chromatography on Superose 6 of F-ATPase from peak 3 in part (B). In parts (A), (B) and (C), the analyses of protein
contents by SDS–PAGE followed by staining, of peaks 3 in (A) and (B) and of peak 2 in (C), are shown below the column proﬁles. The immuno-
detection of the 6.8 kDa proteolipid and DAPIT are shown to the side. In part B, no attempt was made to detect DAPIT, although as shown in (C), it
was clearly present.
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er, unpublished results), suggesting that they are less tightly
associated with the complex than other subunits. From the
present work, the association of the 6.8 kDa proteolipid and
DAPIT with the F-ATPase complex solubilised in n-dodecyl-
b-D-maltoside, which depends on the retention of phospholip-
ids, seems to be even weaker.Both the bovine 6.8 kDa proteolipid and DAPIT are basic
hydrophobic proteins, 60 and 58 amino acids long, respectively,
with single transmembrane helical spans. Neither protein has a
processed mitochondrial import signal and, other than the re-
moval of the translational initiator methionine residue from
DAPIT, neither protein is modiﬁed post-translationally [1,2].


















Fig. 2. Subunit compositions of preparations of bovine F-ATPase.
Subunits were separated by SDS–PAGE and stained with dye. Lanes
(A), (B) and (C), ATP synthase puriﬁed by ion exchange and gel
ﬁltration chromatography in the presence of exogenous phospholipids,
by an aﬃnity puriﬁcation method in the absence and the presence of
exogenous phospholipids, respectively. In (A), the positions of
subunits of the F-ATPase and of the 6.8 kDa proteolipid and DAPIT
are shown on the left. The 6.8 kDa proteolipid and DAPIT were
detected by immuno-blotting and by mass spectrometry (see Supple-
mentary Table 1). In (C), the 6.8 kDa proteolipid and DAPIT, as
indicated on the right, were not resolved. They were detected with
antibodies.
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ments), but not in Saccharomyces cerevisiae and other fungi.
The subunit compositions of prokaryotic F-ATPases are sim-
pler than those of eukaryotic enzymes. They are made of an
essential core of orthologues of 8 subunits of the mitochondrial
enzyme (subunit composition of bacterial F-ATPases,
a3:b3:c1:d1:e1:a1:c10 or 11:b2 or alternatively b1 : b
0
1, where b
and b 0 are homologues). Notably, they do not contain ortho-
logues of either mitochondrial subunits e, f, g and A6L, or of
the 6.8 kDa proteolipid and DAPIT. Therefore, it is unlikely
that any of these proteins participate directly in the formation
of ATP. It is more likely that they have other roles for example
assisting in the assembly of the complex. It is known, that dele-
tion of subunit e in the yeast enzyme prevents the enzyme from
forming dimers in the mitochondrial membrane, and has dra-
matic eﬀects on the morphology of the inner membranes of
the mitochondria [19]. The association of the 6.8 kDa proteoli-
pid and DAPIT in an expression module with proteins involved
in oxidative phosphorylation [5] suggests they have signiﬁcant
roles in that process that remain to be deﬁned.
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